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SIMULATION AND DESIGN STUDIES OF A MULTIPLE
CYLINDER
REFRIGERATION COMPRESSOR
D. D. Schw erzler l and J. F. Hamil ton 2
Mech anical Engin eering Depar tment , Purdu e Unive
rsity
West Lafay ette, Indian a

INTRODUCTION

that it includ es all the cylin ders and the
suctio n
and the disch arge plenum s.

The benef its of an analy tical model of a refrig
eration compr essor are obvio us in the amoun t of
infor matio n that can be obtain ed quick ly and inexp
ensively . With an analy tical model , param eter
studi es
can easily be perfor med in order to optim ize
the
compr essor desig n and its use in a given refrig
eration system . The dynam ics of certa in parts
of the
compr essor can be studie d to determ ine possi
ble
modes of failu re, and an impor tant incre ase
in the
under stand ing of the compr essor is obtain ed
when the
vario us pheno mena occur ring insid e the compr
essor
are put into a mathe matic al form.

Since the neces sary equat ions and the logic
neede d
for the compl ete analy tical model are well
documente d in previo us litera ture, only the new
concepts that are propo sed will be prese nted.
The
detai led equat ions and logic for the compl ete
model
can be found in the litera ture listed in the
refere nces.
In this paper the accur acy of the analy tical
model
is demo nstrat ed by compa ring the resul ts of
the
model to exper iment al data. The analy tical
model
is also used to demo nstrat e the effec t of compr
essor speed on the perfor mance of the compr essor.

Becau se of these benef its many resea rcher s
have
worke d on trying to develo p a comp letely gener
al,
theor etica l model during the past sever al years
.
This work is an exten sion of this resea rch.
Technique s will be propo sed which can be used to
expan d
the analy tical model so that it will includ
e the gas
proce sses occur ring in a multi ple numbe r of
cylin ders and in the suctio n and disch arge plenum
s that
are common to all the cylin ders. This exten
sion
allow s the press ure and tempe rature coupl ing
betwe en
the cylin ders and the suctio n and disch arge
plenum s
to be studie d in great er depth . These inter
effec ts
can be of signi fican t impor tance in determ ining
the
effici ency of a recip rocat ing compr essor.

DESCRIPTION OF COMPRESSOR
The compr essor that was used for compa rison
with the
analy tical model was a fifty horsep ower, three
cylin der, ammonia, recip rocat ing compr essor.
The
three in-lin e cylin ders, as shown in Figur e
l, have
a 4.375 inch bore with a 4.250 inch strok e
and were
conne cted toget her by common suctio n and disch
arge
plenum s. The compr essor was belt driven by
a fifty
horsep ower motor at speed s aroun d 940 RPM.
The
disch arge plenum , suctio n plenum and the cylin
ders
were coole d by water flowin g throug h passa ges
in the
walls surrou nding these volum es.

For examp le, a cylin der exhau sting into a disch
arge
plenum havin g a "smal l" volum e will opera te
ineff icient ly and will creat e large unwan ted press
ure
fluctu ation s in the disch arge lines . If one
cylin der is nearin g the end of its exhau st strok
e while
a secon d cylin der has just begun , the large
press ure
fluctu ation in the disch arge plenum due to
the
secon d cylin der could force the closin g of
the
disch arge value of the first cylin der befor
e it is
throug h exhau sting. This action would reduc
e the
effici ency of the compr essor and could produ
ce rapid
deter iorati on of the disch arge valve . Comp
ressor s
havin g coolin g jacke ts aroun d the suctio n and
the
disch arge plenum s can chang e the condi tions
of the
gas so as to signi fican tly affec t the compr
essor
perfor mance . A compr essor design ed for effic
ient
opera tion at one speed or set of opera ting
condi tions of press ure and tempe rature may be quite
ineff icien t at a diffe rent speed or set of
opera ting condi tions. Each of these effec ts can
be
studie d when the analy tical model is develo
ped so

In Figur e 2, a side view of the valvin g system
of
one of the cylin ders is shown . The ammonia
gas
enter s at one end of the suctio n plenum , feeds
throug h the suctio n ports aroun d the suctio
n valve
and into the cylin der. The gas in the cylin
der is
compr essed by the piston and forced out throug
h the
two disch arge valve s into the inner disch arge
plenum
for that cylin der. The gas then passe s throug
h the
restr ictio n produ ced by the valve retain er
ring and
the valve clamp into the large disch arge plenum
which conne cts all three cylin ders.
All three valve s are thick ring valve s (0.047
to
0.063 inche s) made of harde ned steel . They
are
spring loade d by coil spring s symm etrica lly
locate d
aroun d the circum ferenc e. The two disch arge
valve s
are indep enden t of one anoth er with the large
r of
the two disch arge valve s terme d the outer disch
arge
valve and the small er one terme d the inner
disch arge
valve .

lpres ently Assoc iate Senio r Resea rch Engin eer,
Engin eering Mecha nics Depar tment , Gener al Motor
s Techn ical
Cente r, Detro it, Michi gan
2 Prese ntly Profe ssor
of Mech anical Engin eering , Purdu e Unive rsity,
West Lafay ette, Indian a
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take into account the pressure and temperature variations that can exist in the plenums creates a
problem as how to model the compressor so that the
time average pressure and temperatures in the plenums are those at the operating conditions. Also
the operation of a compressor is controlled by the
pressure and temperature at the inlet, the pressure
at the outlet and the speed of the compressor. It
was therefore necessary to model the compressor in
such a way that these conditions were the controling variables to the analytical model.

MAJOR CONTROL VOLUMES
In order to develop the model of the compressor, the
compressor was sectioned into certain major control
volumes. As shown in Figure 3, these control volumes consist of the suction plenum, the small volumes associated with the valving system of the
suction and the discharge valves, the cylinders, the
inner discharge plenums and the discharge plenum.
It was assumed that the stagnation pressure and
temperature were spatially independent inside each
control volume. This is an acceptable assumption in
view of the fact that the speed of sound of ammonia
(1300 ft/sec) was significantly higher than the
velocities of the compressor parts (maximum velocity
of the piston was 35ft/sec). It was also assumed
that the control volumes associated with the discharge and the suction valving system could be neglected because of their size in comparison to the
volumes of the other plenums.

It was found experimentally that there was essentially no pressure drop across the inlet or the
outlet of the compressor. The average pressure
measured at the inlet to the compressor was essentially the same as that measured in the suction
plenum and the average pressure at the outlet to
the compressor was the same as the average pressure
in the discharge plenum. The controlling variables
for the analytical model were therefore considered
to be the average suction plenum pressure, the
average discharge plenum pressure, the inlet suction temperature and the compressor speed.

The assumption that the stagnation pressure and
temperature are spatially independent in each control volume plus the fact that all of the cylinders
are identically constructed and equally spaced with
regard to crankangle leads to the assumption that at
steady-state operation, each of the cylinders responds in the same manner. Thus, one cylinder can
be used to represent the performance of all three
cylinders. This concept was utilized by integrating
only the necessary equations to describe the performance of the one cylinder which is called the characteristic cylinder.

To control the analytical model so that it would
stabilize at given average pressures in the plenums,
a technique was developed so as to control the mass
flow rate into the suction plenum and out of the
discharge plenum. Since an analytical model of the
compressor only was the main objective, the rest of
the refrigeration system, including the piping, the
oil separator, the condenser and the throttling
valves, was modeled as a series of pressure drops
and a temperature change.

The mass flow rates and the temperatures of the
characteristic cylinder are delayed the appropriate
time or crank angle to represent the effects of the
other two cylinders on the suction and discharge
plenums. Their effects on the plenums in turn
affect the response of the characteristic cylinder
during the next cycle. After the analytical model
has gone through several cycles; the start up transient effects will die away and the response of the
characteristic cylinder will approach a steady-state
solution.

As a result controlling orifices were placed in the
analytical model at the entrance to the ~uction
plenum (ASI) and the exit to the discharge plenum
Arbitrary values for the
(~ )[see Figure 3).
0
areas of the orifices were picked for the computer
program. The initial values of the pressures, PPS
and PPD' were estimated in the model by calculatlng
a theoretical mass flow rate using an 80% volumetric efficiency and then using an orifice equation
and the desired average plenum pressure values, the
values for PPS and PPD were calculated. At the end

There are several distinct advantages that exist
with this type of approach. First, it significantly
reduces the number of differential equations that
have to be integrated and thus decreases the amount
of computer time necessary for a solution. Secondly,
the modeling can be easily changed to include any
number of cylinders. However it should be emphasized that this approach cannot be used when the
cylinders are not equally spaced with-regard to
crankangle or where the effects of the suction and
discharge plenum are different on each cylinder.

of each cycle, the average values for the suction
plenum pressure and the discharge plenum pressure
were calculated and the values of PPS and PPD were
adjusted so as to bring the average values of the
suction and discharge plenum pressures closer to
the desired values for the next cycle. When the
average plenum pressures were sufficiently close to
the desired average plenum pressures and when the
average mass flow rate into the compressor equaled
the average mass flow rate out, the analytical
model was considered to have reached its steady
state solution. Figure 4 is the flow diagram for
this logic.

CONTROL VARIABLES
In order to extend the analytical model to include
the discharge and suction plenums, a new concept of
modeling had to be created. Previously the operating conditions which the compressor saw were modeled as constant values of stagnation pressure and
temperature existing in the suction and discharge
plenums. In reality, these operating conditions are
time average values existing in these plenums. To

The effect of the size of the area of each controlling orifice on the analytical model was checked by
varying the area while holding the operating conditions constant. The major effect was the amount of
pressure variation that occurred in the plenums.
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Figure 5 shows that if the actual areas of the
inlet and outlet of the compr essor were used, the
pressu re fluctu ations would have been almost zero
in both plenum s. The reason for this is that in
each plenum the orific e area was so large that
for
the given averag e mass flow rate the pressu re drop
across the orific e was very small. Any small change
in the pressu re drop caused a drasti c change in
the
mass flow rate. For a very small area, the mass
flow rate throug h the orific e was essen tially
consta nt. In this case the pressu re fluctu ations
in
the plenum caused only minute change s in the pressure drop across the orific e and hence small change
s
in the mass flow rate.

very close to the actual case. Once the model
of
the compr essor is progra mmed, the break areas can
be determ ined and used for a more accura te model.
The only situat ion that the model ing possib ly may
not work for is the case in which the actual inlet
and outlet areas are below the break areas. It
is
sugge sted that the model should then use the actual
areas, but this situat ion was not checke d. A compresso r having a real pressu re drop either across
the inlet or the outlet of the compr essor should
be change d since the pressu re drop reduce s the
effici ency of the compr essor.
VERIFICATION OF THE ANALYTICAL MODEL

Figure 5 also points out that as the area was decrease d below a certai n level the magni tude of
the
pressu re fluctu ations in the plenum remain ed a
constant value. The point at which the magni tude
starte d to remain consta nt was where the averag
e
pressu re drop across the orific e was equal to onehalf of the peak-t o-peak value of the pressu re
fluctu ations in the plenum . The area for this
point
will be termed the break area. For the discha rge
plenum , for examp le, the pressu re downs tream of
the
orific e, PPD' was equal to the minimum pressu re
occurr ing in the discha rge plenum . For the suctio
n
plenum , the pressu re upstre am of the orific e, PPS'
was equal t9 the maximum pressu re occurr ing in
the
suctio n plenum . In this case the mass flow rate
varied from a zero value to a maximum value and
back
again over the cycle of the pressu re variat ion.
As
the area was decrea sed the magni tude of the mass
flow rate cycle decrea sed and approa ched an averag
e
value.

The time histor y curves for one set of operat ing
condit ions are shown in Figure s 7 and 8. The
curves with symbo ls repres ent the experi menta l
data
and the curves withou t symbo ls repres ent the theoretica l values . The only major discre pancy betwee
n
the analy tical model and the experi menta l data
is
in the predic tion of the closin g times for the
valves . For the given compr essor at the times
when the valves are starti ng to close the pressu
re
drops across the valves are very small. Predic
tion
of closin g times where the pressu re drop across
the
valve are very small means precis e predic tion of
pressu res. This is espec ially diffic ult on valves
which are design ed to work on very small pressu
re
drops. Pressu re variat ions in the suctio n and
discha rge plenum s can effect the closin g times
of
the valves . It is believ ed that if a more ineffi
cient compr essor was chosen , that is one in which larger pressu re drops exist across the valves at
the end of intake and exhau st, better correl ation
could have been obtain ed.

Althou gh the magni tude of the pressu re variat ion
in
the plenum remain ed the same, the shape of the
curve
change d slight ly as the orific e area decrea sed.
For
the discha rge plenum , as is demon strated in Figure
6,
the positi ve slope of the curve remain ed the same
since this is contro lled mainly by the rate at
which
the cylind er pushed the gas into the plenum . On
the
negati ve slope, the curve decrea sed more rapidl
y for
the break area since the mass flow rate was higher
than the averag e value encou ntered with the smalle
r
area.

The plenum pressu re compa risons of Figure 8 should
be viewed with the idea that the only signif icant
compa risons that can be made are the overa ll magni
tude of the pressu re fluctu ations and the locati
ons
of the peaks of the pressu re curves . The curves
of
Figure 8 show that fairly good agreem ent betwee
n
the peaks of pressu re fluctu ations in the discha
rge
and suctio n plenum is obtain ed with those produc
ed
by the chara cteris tic cylind er. For the exper
imenta l curves the locati ons of the peaks of the
pressu re fluctu ations are differ ent for the other
two cylind ers. This effect may have been produc
ed
by the fact that the pressu re in the plenum s is
not
really a consta nt value and hence the extra distan
ce
the pressu re wave has to travel from these other
two
cylind ers to the transd ucer measu ring the pressu
re
which was right above the one cylind er could accoun
t
for some of the time delay.

Good correl ation betwee n the experi menta l data
and
the analy tical result s was obtain ed using the break
areas. This type of pulsat ion of the gas out of
the
discha rge plenum seems logica l when consid ering
the
mechan ism involv ed in the real case. The mass
flow
rate is zero when the gas in the discha rge plenum
is
equal to the pressu re in the discha rge line. As
the
pressu re builds up in the plenum , the mass flow
rate
would increa se propo rtiona lly. Hence, the mass
flow
rate out of the discha rge plenum would be of the
same cyclic form as that obtain ed using the theore
tical model.

Figure s 7 and 8 show the effect s of overla pping
intake period s. The rapid pressu re drop in the
suction plenum pressu re at the 340° crank angle location was caused by one of the other cylind ers
beginn ing its intake of gas into the cylind er.
This
effect is respon sible for the suctio n valve of
the
cylind er closin g earlie r than it norma lly would.

This type of model thus gives an excell ent way
of
repres enting the effect of the rest of the refrig
eratio n system on the compr essor. So long as the
areas are picked below the break areas, the magnitude of the pressu re fluctu ations occurr ing in
the
plenum due to the mass flow effect will probab ly
be

In Table 1 the time averag e result s are given for
three sets of operat ing condi tions, both analy tical
and experi menta l. The analy tical model predic ted
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temperat~re, average suction plenum pressure, and
the average discharge plenum pressure) were held
constant while the speed of the compressor was
varied.

values for the increase in the temperature of the
gas after it had entered the suction plenum, 3° to
6° higher than the experimental data. The increase
in the gas temperature ranged from 21° to 32°. The
model did well on predicting the discharge plenum
temperatures. The maximum difference is only 7°.

From Figure 9, it can be seen that as the speed increased the mass flow rate increased but not linearly. The nonlinearity of the mass flow rate curve
is reflected in the volumetric efficiency curve
which shows a drop of 26% from the speed of 500 RPM
up to 2700 RPM. The main reason for the decrease
in efficiency of the compressor at higher speeds
was due to the sluggish action of the valves on
closing which resulted in considerable backflow of
gas. The temperatures in the plenums also show the
effects of the increased mass flow rate. This is
due to the fact that the gas did not stay in the
plenums es long and therefore underwent less heat
transfer. The leveling off of the suction plenum
temperature above that of the inlet gas temperature
is probably due to the extensive back flow that
occurred through the suction valve for the higher
speeds.

For the average mass flow rate produced by the compressor, the analytical model predicted mass flow
rates higher than the experimental values for the
higher pressure ratios. If the analytical results
are compared to the values measured by an uncalibrated orifice flow meter, the error can be as high
as 15%, but if they are compared to the values
measured by an energy balance method on the experimental data the maximum error is only 5%.
Table 2 shows the theoretj_~·d tr~nds predic':"ed by
the analytical model that are useful in evaluating
the performance of the compressor.
The volumetric efficiency shows a decrease in value
as the pressure ratio increases. Part of the 6%
drop is due to the extra 10° temperature rise of
the gas in the suction plenum for the highest pressure ratio. The rest is due to the decrease in the
mass flow rate.

Figure 10 demonstrates how the impact velocities of
the valves increased significantly with compressor
speed. If the lives of the valves can be directly
related to the impact velocities and the number of
impacts, the lives of these valves which were considered to be satisfactory at 940 RPM could be
shortened significantly by running this compressor
at a much higher speed.

The importance of valve performance is best indicated by the percentage of power caused by valve
losses relative to the total power needed to compress the gas. For the suction valve of the 1st
set of operating conditions, this percentage is
about 5% and for the discharge valves 2%. This
means that 7% of the power used is due to the
valves. This is a significant amount of energy
lost, some of which could possibly be saved by a
redesign of the valving systems.

CONCLUSIONS
In summary, a large multi-cylinder ammonia compressor was successfully modeled. The modeling included the effects of the pressure fluctuations in
the suction and discharge plenums, the heat transfer
from the gas in the suction and discharge plenums
and the cylinders, and the interaction of the cylinders through the common plenums. The rest of the
refrigeration system was treated as a resistance by
placing controlling orifices in the inlet and the
outlet of the compressor. A feedback control was
placed in the analytical model to force the average
conditions in the suction and discharge plenums to
the desired operating conditions. This was accomplished by controlling the pressure upstream o£ the
inlet orifice and the pressure downstream of the
outlet orifice so as to control the mass flow rates
into and out of the compressor. The effects of the
areas of the controlling orifices on the suction and
discharge plenums were studied and conclusions were
drawn as to what values of the areas gave the best
correlation between the theoretical and experimental values. An explanation of why these particular values for the areas work well in simulating the
resistance of the rest of the refrigeration system
on the compressor was also suggested.

Also given in Table 2 are the impact velocities of
the valves. There are two values given for each
valve. One corresponds to the value when the valve
first opens and hits its stop. The other value
represents the closing of the valve as it hits its
seat. The impact velocities are important in
several respects. They can be used in calculating
localized stresses in the' valve at the time of impact. This information is therefore useful in
predicting valve life. Also useful in predicting
the life of the coil springs is the velocity of the
end coil of the spring at valve impact, which can
be assumed to be the same as the impact velocity of
the valve. With this information, the amount of
over-ride of the end coil over the other coils,
which is the main cause of spring breakage in some
compressors, can be determined. The noise generated by the impact of the valves is also a function
of the impact velocity and a source of concern to
manufacturers.
THEORETICAL TRENDS FOR DIFFERENT OPERATING SPEEDS

The results of the analytical compressor model were
compared to experimental data taken on the compressor. These comparisons consisted of the cylinder
pressure, the suction and discharge plenum pressures, the motion of the valves, the average mass
flow rate, and the average temperatures of the

With an analytical model the performance of the
compressor as a function of speed can be easily
determined. To demonstrate how this can be done,
the analytical model was used to generate the
curves shown in Figures 9 and 10. For the given
curves the operating conditions (inlet suction
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plen ums. For most of the com paris
ons, the corr elation was good . The only majo r poin
t of poor coor elatio n was on the clos ing time s of
the valv es.
The anal ytic al model was used to
dem onst rate the
effe ct of the com pres sor spee d on
the perf orma nce
of the com pres sor. The com pres sor
spee d was vari ed
from 500 RPM to 2700 RPM and the
volu metr ic effi cien cy was foun d to drop from 87%
to 60%. Changes
in the temp eratu res of the suct ion
and disc harg e
plen ums and the impa ct velo citie s
of
the valv es
were also shown.

Vd- Disp lace d volume of the cha
ract eris tic
cyli nder (in3 ),
VCL - Clea ranc e volume of the cha
ract eris tic
cyli nder (in3 ),
VE- Volu metr ic effi cien cy (%).
8- Cran k angl e (rad ).
PS

Den sity of the gas in the suct ion
plenu m
(lbm /in3 ).
PD - Den sity of the gas in the disc
harg e plenu m
(lbm /in3 ).

NOMENCLATURE
aSI - Area of the inle t con trol ling
orif ice to the
suct ion plenu m (in 2 ).
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